array that captures their similarities and differences. The building blocks of chemistry were rendered finite, and the predictability of matter gave rise to the chemical industry and the theory of quantum mechanics. HGP aims to produce biology's periodic table of not 100 elements, but 100000 genes; not a rectangle reflecting electron valances, but a tree structure depicting ancestral and functional affinities among the human genes. The biological periodic table will make it possible to define a unique "signature" for each building block. Just as chemists can recognize atoms by mass and charge alone, biologists will be able to build detectors that allow each gene to be recognized from 20 well-chosen nucleotides or each protein from a distinct fragment. Molecular biology has emerged during the last decade as one of the most profound developments in the biological and biomedical fields of science. The fundamental approach of molecular biology is the study of life through genomics that is leading to the creation of a universal periodic table of the life that will reflect common genetic properties and patterns of ancestral and functional affinities among the genes of both plants and animals, thereby unlocking the record of 3.5 billion years of evolutionary innovation. The transition of molecular biology from a research "tool" to a transformational concept began in the mid 1980s with the creation of the HGP. The genomic sequences of the human and substantial portions of the mouse genome are expected to be finished by 2005 . There has also been good progress toward completing the sequence goals. However, further reductions in sequencing costs and increases in throughput are needed, both to complete the human DNA sequence as inexpensively and accurately as possible and to support the critical role that DNA sequencing will continue to play in biological research after achieving the goals of HGP. Increased attention is now being paid to the functional analysis of genomic DNA sequences, including the identification and understanding of all coding sequences, regulatory and other functional elements in genomic DNA from both human and selected model organisms. A few technologies for functional analysis on a genomic basis are being developed at present; additional approaches and technologies for genomic interpretation that can be applied efficiently and economically at the level of entire genome will be required for comprehensive analyses. To complete the human genome within the available budget and time, substantial improvements in existing sequencing methods would be advantageous. Biological and Environmental Research (BER) places a strong emphasis on research directed to completely new approaches for genomic analysis. After 2005, the ongoing need will be for the fast and cost-effective determination of DNA sequences so as to compare sequences among human individuals and also to determine the genomes of numerous organisms of biomedical and commercial interest. Still, HGP was far beyond any application that the researchers imagined at the time. Jorgenson has said that the concept of the project was still 10 years away yet. Also, all of the biochemistry for DNA sequencing is just being reported. HGP will generate mapping, sequencing and related data from many laboratories. There is a continuing need to develop and improve appropriate computer tools and information systems for the collection, storage, retrieval and distribution of these data. The DOE office of BER, USA announced its interest in receiving new applications in genome instrumentation for both substantial evolutionary improvements in current systems and revolutionary technologies for the post 2005 era. Murray 2 urged to think creatively the role of analytical chemists might play in fulfilling OBER goals.
Harrison of the University of Alberta has stated that proteomics clearly represents the next major development stage in understanding the mechanisms of life, following the completion of HGP. According to professor Novotny of Indiana University, proteomics will be with us for a long time.
Besides the structural identification of proteins and their quantification, it is concerned with other molecules and each other. It poses many challenges for analytical chemists; there are 50000 to 200000 proteins in the human proteome. Noted chemistry professor Clemmer of Indiana University has described that analytical chemists are trying to develop better ways to separate and identify them. Zubritsky 3 described a tale of how analytical chemists saved the HGP or at least gave it a helping hand. In the early 1990's automated DNA sequencing machines allowed individual scientists to increase their output of DNA sequences from a few thousand base pairs per week with much less effort and greater accuracy and reproducibility. The researchers swallowed hard at the prospect of grinding through so much DNA sequence in 15 years. Although slabgel-sequencing instruments were already in use, it was apparent that having a new generation of instruments would help tremendously. Thus HGP awarded grants to develop new sequencing technology.
DNA and Its Uses
Deoxyribonucleic acid (DNA) is a household word today. The chemical structure of DNA was discovered 50 years ago in 1953 by James Watson and Francis Crick. They were awarded the Nobel Prize in 1962. DNA is an organic polymer that is found within every cell of every organism. The polymer is composed of three specific parts: i) the phosphate backbone, ii) the deoxyribose sugar, and iii) the nitrogenous base. The first two components remain constant across all individuals, while the third is what distinguishes each constituent of the polymer, and thus aids in distinguishing between individuals. This base is responsible for the nucleotides that can contain one of four structures: adenine (A), cytosine (C), guanine (G) or thymine (T). It is the combination of these four bases that determines the precise function and coding capacity of the DNA. It is important to note that DNA is double-stranded, meaning that two identical copies of DNA are present in every cell. The double stranded nature is based on complementarity of the bases, where G pairs with C and A pairs with T. This complementarity is critical for various DNA testing techniques and the basic principles of DNA chemistry. When put together in a unique way, the string of A, C, T or G can serve as a template for messenger ribonucleic acid (mRNA), which in turn codes for proteins. These proteins ultimately form the structure and function for every process within the cell and within an organism. Therefore, sequences of DNA coding for proteins enable the construction and maintenance of the cell, which is ultimately responsible for all living processes. DNA fingerprinting has recently become a common, powerful, but controversial tool in criminal investigations.
The sequence of nucleotides of every human is different. Enzymes that cut DNA into pieces are used for making a DNA fingerprint. Thus, the DNA of every human is cut into pieces at different places because the nucleotide sequence of every human differs. DNA databanks are clever for using it in crimes. People could store DNA fingerprints of released criminals in a databank. If a crime is committed and people can make a fingerprint of the cells that are found, then the fingerprint can be compared with fingerprints from the databanks. In this way, criminals can be tracked down easier and the research This technique revolutionized not only forensic DNA science, but all of molecular biology. A sample of DNA from a crime scene can be used as a template for amplification. A specific region of the DNA is selected based on known sequences and small pieces of DNA. Twenty to thirty bases in length, called primers, are generated on either side of the selected region. These primers are added to the DNA sample along with a DNA polymerase, which is an enzyme that polymerizes DNA monomers and free monomers. The mix is heated to a temperature that causes the two strands of DNA to melt apart. Then, the mix is cooled to a temperature where DNA strands will anneal. At this point, the two primers will bind to the complementary site on the DNA as chosen based on their sequence. The small changes in sequence, as determined by PCR, are known as Single Nucleotide Polymorphisms (SNPs). A similar analysis follows for SNPs as for RFLPs. The advantages of PCR include its speed, sensitivity, and also the ability to process many samples at once. Intriguingly, PCR makes it possible to lift a DNA profile from a tiny blood droplet, hair, bones, tooth, saliva or semen. Jeffrey et al. 4 discovered hyper variable "minisatellite" probes in 1985, providing further impetus to the application of DNA polymorphisms to human identification. The rapid advancement in the area of molecular biology has changed the basic approach toward the detection and diagnosis of biological samples, adding a new dimension to DNA probe technology. DNA probes may be developed based on single-copy coding sequences (c-DNA), non-coding repetitive sequences or the PCR approach.
Forensic scientist Hollon describes that law enforcement will benefit from the faster typing methods being developed today. These techniques will help to build up the Combined DNA Offender Index system (CODIS), which is the national DNA database launched in 1998 to help state and local law enforcement agents to compare DNA samples collected at crime scenes nationwide.
CODIS blends computer and DNA technologies into a tool for fighting violent crimes. Bigger databases will allow thousands of crimes, particularly sexual assaults, to be solved much faster. 5 CODIS utilizes computer software to automatically search these indexes for matching DNA profiles. If a match is made between a sample and a stored profile, CODIS can identify the perpetrator. This technology was authorized by the DNA identification Act of 1994.
The original CODIS database stores the DNA information of convicted criminals and is used to match that information in prosecution cases. The CODIS loci are currently being used to build a national database of violent crime offenders, which will serve to link unsolved crimes with profiled criminal's information stored in a specially modified version of the FBI's CODIS database. This new version of the database uses the same DNA comparison software, but only for the purposes of matching the September 11th, 2001 DNA profiles to those of the recovered victim's blood samples submitted by their relatives, and to the DNA information obtained from the victim's toothbrushes, hair, soiled laundry and used cigarette butts. NucDNA analysis is the most commonly used one because it is faster, the genome is found in the cell's nucleus and the DNA has alleles from each parent. In nucDNA analysis, the DNA fragments are analyzed and amplified using PCR. The profile from the nucDNA is then obtained and used to match and verify a victim. MtDNA analysis is somewhat different. Mitochondria are abundant in the cell's cytoplasm, but the mtDNA only comes from the mother. The high number of mtDNA genomes in the cell increases the likelihood of successful PCR amplification. However, mtDNA analysis is more difficult to perform than nucDNA, more time consuming, and very expensive. A new forensic DNA approach that is being more broadly applied is mitochondrial DNA (mtDNA) sequencing. Mitochondrial sequencing is used extensively in forensic labs as well as government and private crime labs.
As techniques for manipulating and analyzing DNA become more efficient and durable, forensic DNA testing will improve. Thus, the power of DNA technology should be incredibly useful to lawyers in the years to come.
The hardest part of the project was sorting, comparing, matching and reporting the data. Thus, there is clearly a role for automation. Today, most of the labs are using PCR to analyze DNA; PCR has been the biggest addition to forensic technology. However, there are still limitations in the largescale DNA analysis required for the cases of mass disaster like WTC attack, war zones like Afghanistan and Iraq, and natural calamity sites, etc. This should be wake-up call for the forensic community.
2·1 DNA sequencing
In 1953, Watson and Crick reported the structure of DNA, which confirmed the central role of DNA for the storage of genetic information. 6 It is obvious that genetic information is contained in linear sequences of nucleotides forming the building blocks of the very long, filamentous DNA molecules. The double-stranded nature of DNA molecules was postulated to ensure a high degree of fidelity in the replication of these molecules. It is known that proteins must represent the major products of genes and that proteins are built up by linear sequences of amino acids. After about 15 years, the mechanism of protein synthesis was unraveled, as was the genetic code that serves in all living organisms to translate the genetic messages contained in the DNA into the protein language.
The relationship between the genetic and protein sequences was a powerful motivation for the development of methods to determine DNA sequences. In the second part of the 1970s, new methods were developed by chemists to determine nucleotide sequences of DNA fragments. 7 Sanger and coworker's "plus and minus" method was the first step in sequencing chemistry that allowed the determination of the 5375 base sequence of the bacteriophage in 1977. 8 Two more elegant sequencing methods were reported in 1977, the dideoxy chain-terminating method of Sanger and chemical degradation method of Maxim and Gilbert. 9, 10 Sanger and Gilbert shared the 1980 Nobel Prize in chemistry for their development of analytical methods for DNA sequencing.
In the vocabulary of DNA sequencing, a piece of DNA with an unknown sequence is called a template. To sequence a single-stranded template using Sanger's method, an 597 ANALYTICAL SCIENCES APRIL 2004, VOL. 20 approximately 20-base primer is synthesized that is complementary to a specific region of the template. The primer is mixed with the template, where it hybridizes, forming a short region of double-stranded DNA that is recognized as an initiation site for chain extension by a DNA polymerase. GenBank was started in 1981 as a public depository for DNA sequence information. 11,12 From 1982 to 2002, the rate at which data were deposited into GenBank increased exponentially with a doubling period of roughly two years. With the complete sequence of the human genome nearly in hand, 12 the next challenge is to extract the extraordinary trove of information encoded within its roughly 3 billion nucleotides. In early 2001, the International Human Genome Sequencing Consortium reported a draft sequence covering about 90% of the euchromatic human genome, with about 35% in a finished form. 12 Since then progress toward a complete human sequence has proceeded rapidly with approximately 98% of the genome now available in draft form and about 95% in finished form.
The industrialization of DNA sequencing has had a breathtaking impact on biology. Biologists pursued DNA sequencing with great enthusiasm, and a cottage industry was developed for the manual determination of the sequences of viruses, genes and genetic markers. When the GenBank data are combined with sequences held in commercial databases, it is likely that the amount of DNA sequences known at the end of 2003 will be fifteen-times larger than that known at the start of the year.
2·2 Automated DNA sequencing
The Human Genome Project was initiated in 1988, two years after Smith et al. 13 reported the development of an automated DNA sequencer.
The introduction of automated DNA sequencers was an important event in biotechnology. A group of visionary biologists realized that this new technology would allow the completion of very large DNA sequencing efforts. However, the commercialization of dideoxynucleotides and the development of automated DNA synthesizers made Sanger's sequencing method practical, and virtually all DNA sequencing relies on this method today.
The gateway to the determination of the nucleotide sequences of entire genomes was thus opened in the early 1990s. Instruments for automated capillary-array electrophoresis (CAE) became available in 1999, which precipitated an explosive increase in the rate at which DNA sequences were reported in GenBank, reaching a doubling rate of six months during the year 2003. Electrophoresis was already a stable method in biology laboratories for separating proteins or DNA fragments. The procedure was routine and effective, although labor-intensive.
A four-color laser-induced fluorescence detector monitored the DNA fragments as they migrated to the bottom of the gel. The fluorescence signature was used to identify the terminal nucleotide.
This technology was commercialized by Applied Biosystems in 1987.
Prober et al. 15 at DuPont developed an automated sequencer that used more elegant chemistry based on a set of fluorescently labeled dideoxynucleotides. These labeled dideoxynucleotides were combined and used in a single sequencing reaction, which simplifies the synthesis of the DNA sequencing ladders.
DuPont commercialized this technology for a brief period, but ultimately sold the licence to Applied Biosystems. Ansorge et al. 16 developed a simpler system based on a single fluorescent label and the separation of fragments in four lanes of an automated sequencer.
Pharmacia commercialized this technology. In the sequencing as well as in the handling and further exploration of DNA sequences, computers play an important role, and will certainly continue to do so in bioinformatics as more and more DNA sequences become known. Bioinformatics is the use of computers and analytical methods applied to the study of the function of gene-encoded proteins.
The Human Genome Project has led to the identification of new candidate drugs, and targets using bioinformatics tools. The researchers wanted to replace the time-consuming process of DNA sequencing by autoradiography with a real time-detection method that could be automated.
2·3 Capillary electrophoresis for DNA sequencing
Capillary electrophoresis (CE) that appeared in the early 1980s is now rapidly expanding into many scientific disciplines, including analytical chemistry, biotechnology, biomedical and pharmaceutical sciences. CE or high-performance CE (HPCE) is an instrumental evolution of traditional slab gel electrophoretic techniques. The foundation for CE was laid by Hjerten 17 in the 1960s, Everaerts et al. 18 in the late 1970s, and Jorgenson and Lukacs in the early 1980s. 19, 20 The idea would turn the "workhorse" technique of electrophoresis into a racehorse. The work of Jorgenson and Lukacs was particularly important because they treated electrophoresis as an instrumental technique and introduced capillary electrophoresis to the analytical chemistry community. CE is probably the most rapidly growing analytical technique that has appeared in recent years. It is currently applied to the analysis of DNA restriction fragments and polymerase chain reaction (PCR) products, and to DNA sequencing.
Its adoption in many analytical laboratories, including forensic laboratories, is hindered by a lack of electrophoretic background of most analysts working in the analytical chemistry field and by a traditional unfamiliarity with instrumental analysis of molecular biologists. The forensic analysis of polymorphic loci has recently benefited from the use of semiautomated sequencers. [21] [22] [23] A new analytical technique, CE has been introduced into the field. 24 CE is an attractive alternative to slab gel electrophoresis in DNA analysis for the following reasons: faster separation and higher resolution, the possibility of automating sample loading and semiquantitative analysis of results. In addition to this, CE eliminates the laborintensive, time-consuming procedure of electrophoretic DNA preparation by slab gel. The first capillary electrophoresis DNA sequencer that used flexible, fused-silica capillaries, which ultimately became the standard for DNA sequencing, was reported in 1990 by Swerdlow 25 when he was a graduate student at the University of Utah. In 1990, Swerdlow moved to University of Alberta as a visiting student. During that period, Dovichi and Swerdlow published the first description of the use of a sheath-flow cuvette detector for DNA sequencing by CE. 26 Increasingly used in analytical chemistry and molecular biology, this emerging technology is finding its way in the everyday practice of human identification by DNA profiles. This field has so far been entirely dominated by slab gel electrophoresis, and short tandem repeats (STRs), the current genetic markers for most forensic applications have until now been typed by semiautomatic analyzers based on polyacrylamide slab gel electrophoresis and fluorescence detection.
Furthermore, the technology of laser-induced 598 ANALYTICAL SCIENCES APRIL 2004, VOL. 20 fluorescence (LIF) detection integrated in modern CE equipment is the ideal complement to PCR using either fluorescent-dye labelled or cold primers. 27 Dovichi et al. studied the effect of temperature on the separation of DNA sequencing fragments in cross-linked and non-cross-linked polyacrylamide under high electric fields in CE. 28, 29 In 1995, Dovichi et al. reported the first separation of DNA sequencing fragments at 60˚C with non-cross-linked polymer capillary electrophoresis. 30 This temperature was sufficiently high to eliminate any sequencing artifacts, thereby generating a high-quality sequence. Analytical chemists seized the opportunity, addressing the problem of achieving a high throughput with good sensitivity, says H. Kambara at Hitachi's Central Research Laboratory, Japan.
Fortunately, the community was already hard at work on CE, which was readily adapted to an array format (CAE). Yeung says that some researchers advocated mass spectrometry (MS) for DNA sequencing; others favored atomic force microscopy or singlemolecule analysis. All of these options were funded and produced some results. However, CE developed very fast, because the barriers to developing it were practical, says Mathies. However, the barriers to developing MS for routine DNA sequencing are fundamental.
Analytical chemists have obtained a significant impression on CE, because of its excellent properties, high operating voltages and its famous separations. However, Dovichi says that these fundamental properties are not what make CE so valuable to HGP. Efcavitch explained that the expectations of people were high because of the inherent difficulties in translating the results reported in the analytical-chemistry literature to the world of molecular biology and the application of DNA sequencing. Yeung has a simple explanation for the discrepancy in speed: the separations run faster than what robots can prepare, and load the next set of samples. Similarly, Mathies 31 says DNA sequencing has not capitalized on CE's smaller sample sizes because the preparative steps require larger volumes than the separation.
2·4 Capillary array electrophoresis
Zagurski and McCormick 32 presented the first report on capillary array electrophoresis (CAE) for DNA sequencing in 1990. Since conventional CE has one disadvantage that it permits the analysis of only one sample at a time, several research groups are focusing on a new method, capillary array electrophoresis (CAE), in which multiple separations of PCR products are performed in parallel using bundles of capillaries. 31 The more successful capillary array sequencers rely on continuous monitoring of each capillary. There are two instruments that can rely on a sheath-flow cuvette to simultaneously monitor fluorescence from a linear array of capillaries. These instruments were developed by Kambara and Takahashi 33 at Hitachi and by Dovichi et al. 34, 35 at the University of Alberta. The sheath-flow cuvette CAE instrument has been licensed to Applied Biosystems and commercialized as "Model 3700 DNA sequencer".
CAE was refined by academic and industrial researchers and commercialized as automated DNA sequencing instrument. Dovichi says that the collective impact of these instruments brought the project to a close 3 -5 years earlier than that would have otherwise been possible. It has been claimed that the CAE instruments represent a tenfold increase in sequencing throughput compared with automated slab-gel sequencers. Preston 36 has opined that this is probably an underestimate. Shotgun sequencing takes the maximum advantage of the speed and low cost of automated sequencing. 37 Advances in DNA sequencing include the development of large-scale shotgun sequencing, 38 highly automated DNA sequencers and powerful data processing algorithms. 39 Shotgun sequencing requires the most faith in computer sequence assembly programs.
Dovichi and Zhang focuses in their article 40 on the latest generation of highly automated DNA sequencers, which are based on CAE. The vast majority of the sequence was determined with high-throughput DNA sequencers based on CAE with a sheath flow detector. Kheterpal and Mathies 41 said that the use of capillary arrays was critical to achieving high throughput, and the key to successful capillary arrays was detection. One option was to scan the capillaries in series. By this approach, Mathies and co-workers 31 developed a customised 25-capillary array system with scanning detection.
The value of CAE for DNA sequencing is clearly seen now. Efcavitch agrees that the challenges for DNA sequencing still lie up front of the automated sequencers in the template preparation sample work up, and so on. He still has a residue of disappointment that CE has not yet lived up to all of the promises, despite the fabulous success of HGP and automated CAE sequencers.
2·5 Linear polyacrylamide matrix (LPA) technology
In 1990, the researchers reported a linear polyacrylamide matrix (LPA), which was viscous rather than rigidly crosslinked, and could be used for high-resolution DNA separations in a capillary. For early DNA separations using CE, everyone did the obvious. They filled capillaries with the same crosslinked polyacrylamide that was used for slab gels, says B. L. Karger of Northeastern University. A capillary could be reused a few times before the polymer matrix would break down, although this raised the question of whether some of the sample was carried over from one run to the next, which would make the data less reliable. However, this move alone was not enough to boost large-scale sequencing efforts. Swerdlow and Gesteland 26 reported that DNA sequencing in a single 75-µm i.d. fused silica capillary was faster and achieved higher separation efficiency than a single lane in a slab-gel sequencer. B. L. Karker and co-workers 42 solved this problem first by introducing a replaceable matrix. Karger's LPA technology was utilized by Beckman Coulter and Molecular Dynamics, and a selection of other replaceable polymer matrixes developed by various labs and companies followed. So many capillaries did not take long for these advances to come to the realization of hopes.
Zagursky and McCormick 32 of DuPont described the first use of multiple capillaries in an instrument, a modified commercial slab-gel sequencer that used large (700-µm o.d.), old-style capillaries and the traditional cross-linked polyacrylamide. The final stride came in 1993 when Karger et al. 42 described a modified LPA matrix that was easily replaced and suitable for DNA sequencing. The fact that it would sieve DNA properly was pretty surprising, at least to the community who had always used slab gels, says Efcavitch of Applied Biosystems, whose group developed the Model 3700 and earlier instruments.
The New Frontier
Biological and Environmental Research (BER) especially wishes to stimulate contributions from investigators not previously involved in the Human Genome Program, and invites applications from a broad range of scientists with backgrounds in biology, chemistry, physics and engineering. BER is refocusing its current Genome Instrumentation Program, 599 ANALYTICAL SCIENCES APRIL 2004, VOL. 20 while taking stock of the current progress and thoughtfully considering the future. The emphasis is on basic science that will enable genomic studies in the next century, when genomic data will be widely available. The appetite for new data will be undiminished. Robust tools for using this information within new quantitative, mechanistic and predictive biology will be more powerful.
Genome scientists have achieved an unprecedented level of dependence on the Internet in order to do their work. It is simply impossible to maintain up-to-date copies of all relevant databases within a single laboratory. Larger institutions that maintain local copies of data bases are dependent on high-speed Internet connections to the primary database sites viz. GenBank at NCBI, European Molecular Biology Laboratory (EMBL) and SWISS-PROT at the University of Geneva, to keep their data current.
The majority of GenBank sequences are now contributed by the large-scale genome project laboratories, which of necessity use automated annotation software. In order to achieve the best possible database annotation, the job needs to be distributed among the entire worldwide scientific community so that all investigators can contribute their own insights to their genes of interest.
This worldwide collaborative project relies heavily on the Web. In many cases, genome project data centers are leading the world in developing new Internet tools for accessing data. The UK Human Genome Mapping Project Resource Centre is an academic institution in the UK that provides a number of services, including access to databases, mirrors of databases and access to extensive services or softwares for registered academic users. Informatics will continue to play an important role in achieving all of these goals as well as ensuring the maintenance and accessibility of the forthcoming data. The development and application of new technologies for acquisition, management, analysis and dissemination of genomic data are still required. Within the next decade, the genomic sequence of both the human and many non-human organisms will become available for comprehensive analysis. A major challenge will be finding all genes, regulatory elements and other functional elements in the genomic sequences. Understanding how these genetic elements function presents an ever larger challenge.
To accomplish this analysis systematically and efficiently, robust, high-throughput, costefficient strategies and methods will be required. It can be expected that, as in the past, both experimental ("Wet Lab") and computational approaches will fruitfully be supplied to the identification and analysis of genomic features and functions. Several technologies to monitor gene expression on a genomewide basis are beginning to emerge, and these require further development. Genomics 43 is slowly, but surely, moving off center stage, replaced by proteomics. Though proteomics is a young field that has not fully found its stride, two new developments provide glimpses of the future. At the end of February 2002, attendees of Cambridge Healthtech Institute (CHI) Genome TriConference 2002 in Santa Clara, California, got their first glimpse of the Protein Atlas of the Human Genome. Explaining the purposes of the atlas, Sheldon, Confirmant's chief technology officer and head of bioinformatics, compared it to the existing protein databases. Analysis at the genetic level also does not tell much about alternative splicing or posttranslational modification, or where the protein is in the cell. Sheldon's aim was to identify and experimentally verify all of the proteins coded by the human genome. He admits that the atlas is a work in progress, predicting that it will contain 30000 genes by June 2003, and that the number will continue to rise. In the post-genomic era, biological researchers face the unprecedented challenge of assigning molecular and cellular functions to each of the 30000 protein products encoded by the human genome. The protein atlas and similar projects may well be poised to carry forward the promise of the genome. Michael Snyder, professor and chair of molecular, cellular and developmental biology at Yale University, has remarked that the protein atlas is a great thing to do. If they only do it on humans, they will be missing out on much information, but it is a reasonable place to start.
The recent development of activity based profiling (ABP), 44 in which a chemical probe can be used to label and isolate an enzyme from a complex mixture, provides a strategy for identifying those proteins associated with a particular biological activity, thereby taking a step toward their functional identification. 45 The human genome encodes more than 30000 proteins, although complex biological processes result from the participation of only subsets of these proteins. Chromatographic, electrophoretic and mass spectroscopic methods have also been developed to separate and quantify the amount of individual proteins in proteomes. 46 ABP is an attractive and important strategy for identifying functionally active participants in biological processes in the presence of "inactive" or "spectator" proteins. Neither transcriptional profiling nor identification of the members of a proteome can provide this information. Proteomics aims to accelerate this process by developing and applying methods for the parallel analysis of a large numbers of proteins. 47, 48 Proteomics approaches generally fall into two complementary categories: methods for the global analysis of protein expression; methods for the global analysis of protein function.
Celera is known mainly for its work on the Human Genome Project and as a high-throughput sequencing company. Celera offers expertise in high-throughput sequencing and bioinformatics capabilities, while Applied Biosystems offers expertise as the inventors of the sequencing chemistry, software and instruments and a team of forensic scientists from the Human Identification Group. Biologists need to imagine how their work will be different in this Post Genome Project era.
Conclusion
We are at the threshold of a new era in biological science, based on genomic information that was unimaginable two decades ago. It is now possible to complete the sequence of a prokaryote in a few weeks and the sequence of vertebrate in less than a year. This revolution has become possible because of the advances in analytical instrumentation for DNA sequencing. In the coming decades, the human genome information will define the future research and understanding of biological systems. There exist enormous tasks for tens of thousands of researchers of various disciplines in deciphering the human genome.
The HGP doubtlessly will provide researchers with the data they need to identify individual genes or suites of genes that contribute to human behaviors. The real hard work begins only at the point of analyzing the ways in which the products of those genes influence human growth and development, the environmental influences on those processes, and of the degree of individuality of both. The sequence of HGP is essentially complete, which involved the decoding of some 30000 genes that are located on 23 pairs of chromosomes in our body cells. It has yielded valuable information about many diseasedetermining genes.
Previously, biologists used to study genes in isolation. But it 600 ANALYTICAL SCIENCES APRIL 2004, VOL. 20
is now possible to study several genes at a time, and highthroughput technologies have started to yield systematic knowledge on a grand scale. It is also possible to study all of the genes or the transcripts in a tissue or organ or tumor, or how tens of thousands of genes and proteins work together in interconnected networks to orchestrate the chemistry of life. HGP will generate mapping, sequencing and related data from many laboratories. There is a continuing need to develop and improve appropriate computer tools and information systems for the collection, storage, retrieval and distribution of these data. New methods and tools for the analysis and interpretation of genomic data are needed. Analytical chemists have a key role to play in developing the tools for the above purpose. Analytical chemists have recognized their important role in the sequencing project, and also can play a significant role in the emerging field of proteomics. 49 The September 11th WTC attack and the threat of chemical and biological warfare imply that the analytical chemists still pose a big challenge in compiling DNA profiles of thousands of victims for identification. 50 The future should envision the bigger role of analytical chemists in HGP to develop new and improved technologies that will revolutionize DNA field.
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